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9.1 Introduction 



The discovery and locahsation of the first afterglows of GRBs rapidly led 
to the establishment of the long-sought distance scale for the sources (see 
Chapter 4), which began an earnest observational hunt for the progenitors. 
A preponderance of evidence linked long-duration, soft-spectrum GRBs with 
the death of massive stars. The observations of the GRB-supernova (SN) 
connection, the main subject of this chapter, present the most direct evi- 
dence of this physical link. 



Well before the Afterglow Era, Paczyhski (1986) noted that "cosmologi 



cal" distances of GRBs would imply that the energy release in 7 rays would 
be comparable to the energy release in a typical SN explosion. Seen as more 
than just a coincidence, this energetics connection between GRBs and the 
death of massive stars was fleshed oul[t]into what is now referred to as the col- 
lapsar model ( |Woosley|1993l|1996[pacFadyen Woosley|1999[ ). Briefly, the 
collapsar involves the core-collapse explosion of a stripped-envelope massive 
star. Matter flows towards a newly formed black hole or rapidly spinning, 
highly magnetized neutron star ("magnetar"; e.g., Bucciantini et al. 2009). 



Powerful jets plow through the collapsing star along the spin-axis, eventually 
obtain relativistic speeds, and produce GRBs. Enough ^^Ni is produced near 
the central compact source to power a supernova explosion of the star. The 
original "failed lb" model posited that little ^^Ni would be produced during 
core-collapse of a massive star that produces a GRB, and thus no traditional 



f The possible connection between GRBs and SNc was actually first studied observationally in 
the original GRB discovery paper of Klebcsadel ct al. (1973), following the suggestion that 7 
rays could be produced in SN shock breakout ( |Oolgate|1968^ . 
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SN would be visible. Chapter 10 is an in-depth review of core-collapse pro- 
genitor models, including collapsar and millisecond-magnetar-driven models. 



After the first few afterglow localizations of (long-duration; Kouveliotou 



et al.|1993 ) GRBs, a qualitative connection of the events with star- formation 



a natural expectation of degenerate merger models (e.g., Pryer et al. 1999 



Paczyhski 


1998). 


to many, was not 


Pryer et al. 


1999 



Bloom et al.| 1999b ). Instead, this evidence directly implicated models where 



the progenitor does not move far from its birthsite and produces a GRB 
on timescales smaller than the typical duration of star-formation episodes. 
The discovery of the energetic core-collapse supernova 1998bw associated 
with the very underluminous GRB 980425 (see section 9.2.1) provided the 
first concrete evidence for a GRB connection with a massive star death 
(though the relationship between GRB 980425, at the low redshift of z = 
0.0085, and "cosmological" GRBs would be debated for years). As statistical 
statements about the physical connection of cosmological GRBs with on- 



going star formation amassed (Bloom et al. 


2002a 


Le Floc'h et al. 


2003 


Christensen et al. 


2004 Fruchter et al. 


2006|), individual events began to 



exhibit credible photometric evidence for a SN explosion contemporaneous 



with the GRB ( 


Bloom et al.||1999a 


Galama et al.||2000 


Garnavich et al. 


2003 




Zeh et al. 


2004 


). The definit 



GRB-SN connection was finally established by a few events which, through 
spectroscopic identification of SN features well after the GRB event (see 
section 9.2), clinched the physical association. An early review of the GRB- 



SN connection was given in van Paradijs (|1999|) and more recent dedicated 
reviews were given in 



SoderbergI ( [2006D , [Woosley fc Bloom] pOOej ) and |Della^ 



Valle (2007). 



We begin this chapter by reviewing the strongest current observational ev- 
idence for the GRB-SN connection; Chapter 10 provides an overview of how 
these observations tie, theoretically, some GRBs to the death of massive 
stars. We summarize 30 GRB-SN associations and focus on five ironclad 
GRB-SN associations (GRB 980425/SN 1998bw, GRB030329/SN 2003dh, 
GRB 031203/SN20031W, GRB 060218/SN 2006aj, GRB 100316D/SN 2010bh), 
discovered by four different satellites, which, in concert, constitute irrefutable 
spectroscopic evidence for the association of GRBs and SNe. We highlight 
the subsequent insight into the progenitors enabled by detailed observations. 
We next present some of the supporting evidence for the GRB-SN connec- 
tion and address the SN association (or lack thereof) with several sub-classes 
of GRBs, finding that the X-ray Flash (XRF) population is likely associated 
with massive stellar death whereas short-duration events likely arise from 
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an older population not readily capable of producing a SN concurrent with a 
GRB. Interestingly, a minority population of seemingly long-duration, soft- 
spectrum GRBs show no evidence for SN-like activity; this may be a natural 
consequence of the range of ^^Ni production expected in stellar deaths. We 
conclude the chapter by providing an outlook for the next decade of GRB-SN 
research. 



9.2 Spectroscopic evidence for GRBs and SNe 

9.2.1 GRB 980425/SN 1998bw 

GRB 980425 was discovered early in the afterglow era; at the time it ex- 
ploded only six GRBs had been localized by BeppoSAX and only two had 
measured redshifts, namely GRB 970508 at z = 0.83 ( jMetzger et al.||1997[ ) 
and GRB 971214 at z = 3.42 ( |Qdewahn eTahHiggsl ). In the error circle of 
GRB 980425, two X-ray sources were found, though the precise characteri- 
sation of their respective variability was uncertain. Therefore, the identifi- 



cation of the true X-ray counterpart to GRB 980425 was controversial (Plan 



et al. 2000, Kouveliotou et al. 2004); as a result, the discovery of a super- 



nova, SN 1998bw (Fig. 9.1 ), coincident with one of the X-ray sources was not 
immediately taken as unequivocal evidence for a direct link to GRB 980425. 

SN 1998bw was a spectacular event. It was a bright {Mb = —18.7 mag at 
peak), broad- lined Type Ic SN ( Galama et al.|[l998 ) suggesting a significant 
amount of mass with very fast (upwards of 30,000 km s~^) photospheric 
expansion (Woosley &; Bloom 2006 advocate for the designation as Ic-BL, 
for broad-lined SN without He, H or Si in the spectrum). The light curve 
is shown in Fig. 9.2 and its spectral evolution (Patat et al. 2001) is shown 
in Fig. 9.3 The late-time light curve, extending to 500 days after the GRB, 



exhibited a decline consistent with cobalt decay to iron ( McKenzie & Schae- 



fer 1999, Sollerman et al. 2000). At the time, SN 1998bw was also the 



brightest radio SN known, indicating, as a means to explain the very high 
apparent brightness temperature, that the SN was accompanied by a shock 
wave moving at mildly relativistic speeds ( Kulkarni et al.|[l998 but see also 



Waxman & Loeb 1999). Iwamoto et al. (1998) suggested that these obser- 



vations can be reproduced by an extremely energetic explosion of a massive 
star composed mainly of carbon and oxygen (having lost its hydrogen and 



helium envelopes). Based upon an independent modelling effort, Woosley 



et al. (1999) concurred with the carbon and oxygen core hypothesis and 



also argued that SN 1998bw was an asymmetric explosion. Iwamoto et al 



(1998) and others at the time used the term "hypernova" (Paczyhski 1998) 
to describe such a very energetic SN, modelled to have released roughly 10 
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Fig. 9.1. Discovery of SN 1998bw associated with GRB 980425. The upper panels 
show the images of the host galaxy of GRB 980425, befo re (left) and shortly after 
(right) the occurrence of SN 1998bw ( Galama et al.|1998 ). The bottom panel shows 
a late HST image of the host galaxy and 1998w. The 3-step zoom-in shows 
SN 1998bw 7 78 days after the ex plosion embedded in a large star-forming region of 
a spiral arm ( |Fynl30 et aL]|2000| . 



times more energy than in a typical (10"' erg) SN. We caution here that the 
term "hypernova" is a theory-laden classification pertaining to energetics; it 
is entirely possible to have a core-collapse SN with large expansion velocity 
(^ 20,000 km s"^) yet typical (10^^ erg) energy coupled to the ejecta. 

No traditional optical afterglow (as seen in most other GRBs; see Chap- 
ters 4-6) was detected. Moreover, the comparatively low energy output of 
GRB 980425 (see e.g., Kaneko et al.||2007 ) and its low redshift were consid- 



ered as pointing to a different class of GRB (Kulkarni et al. 1998, Bloom 



et al.|1998 ) , not necessarily of the same progenitor origin as the truly cosmo- 
logical GRBs (loosely defined as having a significant redshift, a high energy 
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Fig. 9.2. Light curves of spectroscopic GRB-SNe contrasted with upper hmits on 
SNe in SN-le ss GRBs. The red data poi nts are the light curves of the GRB- 
SNe 1998bw ("Galama etld" 



et al. 



et al. 



2004 



0:28) 



1 998), 2003dh ( [Hjorth et al.||2003[ ), 20031w (Malesani 
2006ap ( jPian et al.„2006) (bolometric magnitudes adapted from ^Pian 



73 km s-i Mpc-i, = 07^ 
The upper limits are from the short 



who used a cosmology with Hp 

an d 2010bh (|Bufano et al.||2011[ ). 

GRBs 050509B ^ Hjorth et al.|2005ap andnSDTO Q ([Hjorth et al j2005b| (blue arrows) 
and two SN-less long GRBs (green arrows) (I'ynbo et al. 2006p . Approximate 
bolometric magnitudes are based on R and V band upper limits offset relative to 
the corresponding SN 1998bw V or R band light curves. Time is in the restframe. 
The ^^Co decay slope is shown for reference (dashed curve). 



output in 7 rays, ~ 10^^ erg, and an (optical) afterglow decaying as a 
power law) that had been detected so far. 

Doubts therefore remained about the GRB-SN connection, arising from an 
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Fig. 9.3. Spectral e volution of GRB-SNe 1998bw CPat at et al!] |2001') and 2003dh 



(Hjorth et al. [2003 ). Solid lines indicate spectra of SN 2003dh obtained by sub- 
tracting a model for the afterglow and host galaxy contributions from the spectra. 
Dotted red lines indicate spectra of SN 1998bw ta ken at similar epochs. Times 
after the GRB are indicated in the rest frame. From Hjorth et al. (20031. 



a posteriori statistical argument about the association in time and place with 
two X-ray sources in the 7-ray error circle, the lack of an optical afterglow, 
and the low imphed energy output; even if the physical connection was 
believed, GRB 980425 was clearly set apart from the typical cosmological 
GRBs emitting orders of magnitude more 7-ray energy (Table 9.2). 
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9.2.2 GRB 030329/SN2003dh 

Though supporting evidence for a GRB-SN connection grew in the interim 
(see section [9l3|, almost 5 years after GRB 980425/SN 1998bw, GRB 030329 



ehminated any doubts as to the deep connection of the two phenomena. 



GRB 030329 was a bright burst detected by the HETE-2 sateUite (Vander- 



spek et al. 


2004, 


Lipkin et al. 


2004 



0.1685 



energy release lO'' times that of GRB 980425. Moreover, it was followed by 
a bright optical afterglow (Price et al. 2003a), helping solidify this event 
as part of the cosmological GRB class. Several days after the burst, the 
optical spectrum started to change from a featureless power-law spectrum, 
characteristic of GRB afterglows, to include more and more SN features 
dMatheson et al.||2003al [Stanek et al.| |2003| [Hjorth et al]|2003| [Kawabata 
|et al.),2003t Matheson et al. 2003b). By subtracting the afterglow contri- 
bution, the SN spectrum could be isolated. It was shown to closely follow 
that of SN 1998w, thus conclusively showing that the GRB afterglow and SN 
were spatially coincident and that GRB 030329 and SN 2003dh were co-eval 
to within a few days (Hjorth et al. 2003| ) (Fig. 9.3). Lingering possibilities 
of a SN preceding the GRB by years to weeks (the so-called "supranova" 
model 



Vietri & Stella 1998) were all but ruled out. 



The SN light curve was almost completely masked by the bright afterglow 



(Lipkin et al. 2004). Only by subtraction of the afterglow was it obvious 
that SN2003dh peaked at about the brightness of SN1998bw but evolved 
faster ( [Hjorth et ar]|2003[ [Matheson et al.||2003b[ ) (Fig.[9l2[). 

In retrospect, the GRB 030329/SN 2003dh connection also eliminated any 
doubts about the association between GRB 980425 and SN 1998bw. GRB 
030329 remains the only GRB with both a clear optical afterglow and a 
convincing spectroscopically confirmed SN. 



9. 2. 3 GRB 031 203 /SN 2003lw 

GRB 031203 was localized by Integral ( Sazonov et al.|2004 ) and the afterglow 
was subsequently accurately localized by Chandra (Gal- Yam et al. [2004 ), 
XMM-Newton ( [Vaughan et~ar[[2004| ), and the VLA ( |Gal-Yam efliL [2004| ) 
to a galaxy ai z = 0.1055 ( Prochaska et al. 2004 ). No optical afterglow 
was detected, but through photometric monitoring of the galaxy a SN light 
curve bump was detected ( [Thomsen et~al[[2004[ [Cobb et al.[[2004[ [Gal-Yam| 
et al. [[20041). 



f Favored by the now questionable identification of spectral lines in X-ray afterglow spectra. See 
also Chapters 4 and 5. 
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Spectra of the SN obtained by Malesani et al. (2004) revealed broad- 
line features similar to those seen in SN 1998bw and SN 2003dh. While 
the peak brightnesses of SN 1998bw and SN 2003dh were similar, SN 20031w 
was brighter by about 0.3-0.5 mag at peak; the uncertainty in the in- 
trinsic brightness reflects a large Galactic extinction towards the field, but 
SN 20031w nevertheless provides strong evidence that GRB SNe are not stan- 
dard candles (see Fig. 9.4). 

While the large column density of Galactic dust was a nuisance — dim- 
ming and reddening the SN and the afterglow — it allowed for a novel 
measurement: two radially expanding halos of X-ray emission centered on 



the GRB were discovered in XMM-Newton observations (Vaughan et al. 



2004). Because of the time delay due to the longer distance traveled by the 



light in the rings this allowed a reconstruction of the prompt X-ray flux of 
GRB 031203 ( |Watson et aL]|2004[ [Tiengo Mereghetti|[2006l [Watson et aT 



2006). It was suggested that the fluence in X rays dominates that of the 



hard-energy emission (though see Prochaska et al. 2004); in other words, 
had a hard X-ray detector observed the prompt emission of GRB 031203, it 
might have been classified as an X-ray flash (XRF: a dominant fraction of the 



total prompt fluence are detected as X rays rather than 7 rays; Heise et al. 



2001). Therefore, we take SN20031w as reasonable spectroscopic evidence 



for an XRF-SN connection. 



While Malesani et al. (2004) reported evidence for a very red, faint in- 
frared afterglow, GRB 031203 was essentially SN dominated. Consequently, 



Thomsen et al. (2004) speculated that Swift would not only be a GRB mis- 



sion, but also a discoverer of SNe as they explode. This prediction came to 
fruition with GRB 060218/SN 2006aj. 



9.2.4 GRB 060218/SN 2006aj 

GRB 060218 was localized by the Swift satellite to a galaxy at z = 0.0335 
dMirabal et"aL]|2006[ ). [Campana et al.| ( |2006| ) and jWaxman et al.|p007l ) ar- 
gued that Swift detected emission due to the shock breakout of the associated 
SN (see, however, [Butler] |2007| and [Ghisellini et al.||2007D . SN2006aj was 
fainter than the other GRB SNe, providing additional evidence for a sub- 



stantial dispersion in the peak magnitudes and rise times of GRB SNe (Plan 



et al. 


2006 


Modjaz et al. 


2006 


Sollerman et al. 


2006 


(Fig. 


9.2 


). Building on the 030723 ( 


Fynbo et al. 


2004) 



et al. 



Ferrero et al. 2006) 



2004), 020903 (Soderberg 



2005) and 031203 hypothesis of an XRF-SN connection, GRB 060218 



was classified as an XRF (though the duration [> 1000 s] of the event was 



very long compared to other XRFs; Campana et al. 2006) 



The GRB-Supernova Connection 



1.0 



0.8 



§ 0.6 



c 
g 

\ 0.4 



0.2 

0.0 

1.2 



1.0 



8 



0.6 



0.4 



0.2 



0.0- 



r I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1,1 , L i J J ■ I ■ ■ 



1998dt 

- 1983N 
1997ef 
1999di 
~1990B 
1954 A 
19841 
1983V 

-POOOH 

- 19941 
2002ap 
1984L 
W90I 
1999ex 
1964L 
1987M 

- 1991 N 

-19831 
1962L 
1998bw 
1992ar 
1991D 
I I I I I I 



I 



040924 ^ 
100316D 
090618 
08031 9B 
990712 
020903 
060218 
020405 
050525A 
021211 
091127 

011121 — 
041006 
980425 
081007 

030329 — I 
970228 
031203 
101219B , 

I I I I I I I I I I I I I I I I I I I I I I I I I I |l| I I I I I I |i| I I I I I I I I I 



1 



■ Ib/cSNe 
• GRB-SNe 



I • 1 



-16 












-18 -19 
peak 



-20 



-21 



Fig. 9.4. (Top) Comparison of the peak brightness of SNe related to GRBs/XRFs 
(soHd cumulative histogram) with local Ib c SNe with well-measured peak bright- 
nesses (dashed histogram); updated from Woosley & Bloom (2006). Historical 
Type Ib/c SNe are listed on the left. Only those events with a C" grade or better 
from Table |9.1| are show n. To mitigate the numer ous biases in finding SNe asso- 
ciated with GRB/XRFs, Woosley & Bloom (2006) considered as upper limits the 
non-detections from the literature and bump claims with less firm SN detections, 
finding a statistical consistency of peak brightness distributions of the two popula- 
tions. {Bottom) Comparison of implied ^^Ni mass and modelled peak brightnesses 
between GR B-SNc and Ibc SNe (adopted for h = 0.71 cosmology from Richardson 
et al.|[2006 Richardson^^2009) . Note: the Richardson model peak brightnesses can 
differ from the literature by mag. 
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9.2.5 GRB 1 0031 6D /SN 2010bh 

The fifth and latest known bona fide spectroscopic GRB-SN, GRB 100316D/ 
SN2010bh, was also discovered by Swift ( Starling et al.||2011 ). At a redshift 
of z = 0.0591, it had high-energy prompt properties that were remarkably 
similar to those of GRB 060218: it was also an XRF of unusually long du- 
ration (1300 s), it had a thermal component in addition to a synchrotron 
emission component with a low peak energy, a slow X-ray decay, and similar 
spectral hardness evolution. 

The supernova features were typical of broad-lined SNe Ic and generally 
consistent with other spectroscopic GRB-SNe (Chornock et al. 2010). The 
Si II A6355 expansion velocity was much higher than for SN2006aj, more 



similar to SN1998bw and SN2003dh (Chornock et al. 2010, Patat et al. 



2001 Hjorth et al.|2003). GRB 100316D/SN 2010bh was also distinct from 



GRB 06021 8/SN 2006aj in that their host galaxies were different, with the 



host of GRB 100316D more closely resembling that of GRB 980425 ([Starling 
et al.pOllI). 



9.3 Supporting evidence for the GRB-SN connection 

The highest redshift among the secure GRB-SNe is 0.1685 while the median 
redshift of Swift GRBs is above 2 (Jakobsson et al. 2006). Moreover, save 



GRB 030329, all of the spectroscopically secure events released significantly 



less energy than the median Ej of known cosmological GRBs ( Kaneko et al 



2007). It is, therefore, important to consider the evidence for GRB SNe at 
higher redshifts and for GRBs with E^^i^o in the range 10^*^— lO^'^ erg ("Frail 



et al. 2001). At higher redshift secure SN identification becomes difficult 
because the SN appears fainter, which leads to the difficulty of obtaining a 
sufficient signal-to-noise ratio in the broad SN features. The signal-to-noise 
problem is aggravated by the contamination of the host galaxy and the 
afterglow, which do not necessarily get comparatively fainter with redshift 
see, e.g., [Woosley fc Bloom|[2006l ) . 
There exists, however, substantial photometric evidence for late-time light- 



curve bumps. The first clear-cut case for a bump was GRB 980326 (Castro- 



Tirado &; Gorosabel 1999 Bloom et al. 1999a), quickly followed by reanal- 



ysis of GRB 970228 (Reichart 1999, Galama et al. 2000) and GRB 990712 



(Bjornsson et al. 2001). Spectroscopic confirmation was attempted in sev- 



eral other systems with secure bumps, including GRB 011121 (Garnavich 


et al. 2003 


( 


3reiner et al. 2003b Bloom et al. 2002b 


), XRF 020903 ( 


Soder- 


berg et al. 


2005[ IBersier et al."2006|), GRB 021211 (|Della Valle et al. 


2003P, 


XRF 030723 


(Fynbo et al.|2004,,Tominaga et al.|2004 


), GRB 050525 A 


(Delia 
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Valle et al.||2006bD, GRB 081007 ( [Delia Valle et al.|2008D , and GRB 101219B 



(Sparre et al. 2011), providing in all cases tentative evidence for SN spec- 
troscopic features. Other systems with clear bumps include GRB 020405 
dPrice et al.|[2003bl ), GRB 041006 ( |Stanek et alT][200^ , GRB080319B {Ta^- 



vir et al. 



et al. 



2010), GRB 090618 (Cano et al. 2010), and GRB 091127 (Cobb 



2010[); GRB 020410 was suggested to have been discovered by its SN 



light (Levan et al. 2005a) and a bump of more dubious origin was detected 
in GRB 020305 ( [Gorosabel et al.||2005aD . The bulk of the evidence points 
to Type Ic SNe and only in a few cases Type II SNe have been suggested 
(e.g., Garnavich et al. 2003, Gorosabel et al. 2005a). Only a few have lAU 
designations. In Table 9A_ we give a list of their properties. We also attempt 
to grade the GRB-SN connections according to the strength of the existing 
observational evidence. For an independent analysis of bursts up to 2003, 



see 



Zeh et al. (2004). 



Generally, the picture supports the conclusion of the previous section, 
namely that SNe are ubiquitous in GRB light curves and that there is real 



such events (jZeh et al. 


2004 


Richardson 


2009 


). GRB-SNe 



being broad-lined Type Ic, with a dispersion in both peak brightness, rise 
time, light curve width, and spectral broadness. They appear to repre- 



sent the brighter end of the Ib/Ic population (see Fig. 9.4), but Woosley 



&: Bloom (2006) showed that when the non-detections of GRB-SNe are ac- 



counted for, the two populations are statistically consistent with having been 
drawn from the same population. Clearly, as rare events, very bright Ic SNe 
are not routinely identified, nor are the fainter GRB-SNe. So as more uni- 
form populations of GRB-SNe (and non-detections thereof) and Ib/Ic (and 
particularly Ic-BL) SNe are produced, it will be instructive to revisit this 
question of the comparative brightness and ^^Ni distribution. 



At radio wavebands, GRB afterglows can be 10"^ times brighter at peak 
than typical lb and Ic SNe (see Soderberg 2006): the reason is likely the 
difference between the coupling of energy to highly relativistic (F ^ 50) 
ejecta (in the GRB/XRF case) versus sub-relativistic (/3F ^ 1) ejecta (in 
the normal Ib/Ic case). The early radio brightness of SN 1998bw can be 
attributed to the large coupling of energy to trans-relativistic ejecta (/3F ^ 
a few; iKulkarni et al. 11 19981 |Soderberg||2006|). 
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Table 9.1. Evidence for GRB-SNe. 



GRB/XRF 


SN 

Designation 


z 


Evidence 


Comments 


Refs. 


970228 




0.695 


C 




1,2 


980326 






D 


red bump 


3,4 


980425 


1998bw 


0.0085 


A 


spectroscopic SN 


5 


990712 




0.433 


C 




6 


991208 




0.706 


E 


low significance 


7 


000911 




1.058 


E 


low significance 


8,9 


011121 


2001ke 


0.362 


B 


spectral features 


10,11,12 


020305 






E 


not fitted by GRB-SNe 


13 


020405 




0.691 


C 


red bump 


14,15 


020410 






D 


discovered via bump 


16 


020903 




0.251 


B 


spectral features 


17,18 


021211 


20021t 


1.006 


B 


spectral features 


19 


030329 


2003dh 


0.1685 


A 


spectroscopic SN 


20,21,22 


030723 






D 


red bump, X-ray excess 


23,24 


031203 


20031w 


0.1055 


A 


spectroscopic SN 


25 


040924 




0.859 


C 




26,27 


041000 




0. 1 16 


Vj 




Of; oo 

z6,/!o 


050416A 




0.654 


D 


poor sampling 


29 


050525A 


2005nc 


0.606 


B 


spectral features 


30 


050824 




0.828 


E 


low significance 


31 


060218 


2006aj 


0.0334 


A 


spectroscopic SN 


32,33,34 


060729 




0.543 


E 


afterglow dominated 


35,36 


070419A 




0.971 


D 


poor sampling 


35,37,38 


080319B 




0.938 


C 


multiple color bump 


35,39,40,41 


081007 


2008hw 


0.530 


B 


spectral features 


42,43,44 


090618 




0.54 


C 




36,45 


091127 


2009nz 


0.490 


C 




46 


100316D 


2010bh 


0.0591 


A 


spectroscopic SN 


47,48 


100418A 




0.624 


D 




49 


101219B 




0.552 


B 


spectral features 


50,51,52 



The evidence according to the authors for a SN associated with a GRB is listed in 
column (4) according to the following scale: A: Strong spectroscopic evidence. B: 

A clear light curve bump as well as some spectroscopic evidence resembling a 
GRB-SN. C: A clear bump consistent with other GRB-SNe at the spectroscopic 

redshift of the GRB. D: A bump, but the inferred SN properties are not fully 
consistent with other GRB-SNe or the bump was not well sampled or there is no 
spectroscopic redshift of the GRB. E: A bump, either of low significance or 
inconsistent with other GRB-SNe. 

References: 

(l)|Reicharti('l999') (2) 'Galama et al.' ('2000') (3) 'Bloom et al.' fl999a| (4) 
Castro-Tirado & Gorosabel (1999) (5) Fynbo et al 

(2001 "~ 



gOOT rTTTlCastro-Tirado et al. , 
2005 ) (lO) iBloom et al.. (.2002b 
(|'2003b|) (13) |(iorosabei et 



2003| (16) 
2006) (19) 
J33) (22) K 
2004|) (25) 



ai.|(|:^u0 5a[) 
Levan et al. f2005a) 



32bi 




Delia Valle et al. 

awab ata et a 
Mal esani et a . 
■'tanek et al 




8]_Lazzati et al 
Garnavich et a l., 
14) Price et al 



2006) (6) Bjornsson et al 
2001) (9) Masetti cTa 
reiner et" 



(,2003) (12) .Greh 
"(|2003b| ) (15) TMas'etti et a l 
17)|Sode?b erg et al. ' (2005) (18) 'Bersier et aT 



23) 



20y1^tanek et al.,(2003) (21)^ Hjorth et al 



( 31 ) l^olierman et al | ^mfT W) 
)|Sollerman et al.l (120061) (35)IFv 



24) |T3m inaga ct a 

(26) (Soderber g et al.| (|2b06"a| (27) Wiersema 
5| (2gy15 oderb erg et al.|(|2007T) (30) DeUa 1" 
^^^"'^Plan et al. (2006') (33) Modj 



34) ISollerman et al I ([20061735) IFynb o et al. (2009) (36) Cano et a 



( M0|) (37)1Cenko et ai.| ( |200'7|) (38TTHT 11 et al. (20 07| (39) | Kann et al.| ( |2008[) (40) 
Elooin et al. N2009I) (41) ITa nvir et ai.|(|2010|) (42) .Berger et al.| pOOSp (43 ) [Delia 
y20C' ' ^ " " v^^^^^,Jh-^u „ . 1.^^ 



Valle et a 
Cobb ct al. 



2008 
(2010) 



.(|2010|) y^n, ,^ 

(44) So derberg et al.H2008aP (45) Cen ko et"al.||2009t ' (16]" 
(47) ChornocJt et al.|(|20io|) (48) |B ufano et a l.' (2011) (49) A. 

W^io ) (^Ty[nT iva 



e Ugarte- Postigo (private communication 



ivares et al., ( |2011| ) (50) 
de Ugarte Postigo et al.] ( |2011[ ) (52) |Sparre et al.| ( |201ip 
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9.4 Supernova-less GRBs 

Having presented the evidence that firmly estabhshed the GRB-SN connec- 
tion we shall now present evidence for the existence of SN-less GRBs. These 
fall in two categories. 



9.4-i Short- duration GRBs 



Short-duration, hard-spectrum GRBs (see Chapters 3 and 11) consistently 
do not exhibit SN features in their optical afterglow light curves. This was 
demonstrated already for the first two localized short GRBs, GRB 050509B 



(Bloom et al. 



2006 



2005b Fox et al. 2005) (Fig. 9.2). 



Hjorth et al. 2005a) and GRB 050709 (Hjorth et al. 



Bright transient emission, dubbed a "mini SN" (Li &; Paczyhski 1998 



Rosswog &: Ramirez-Ruiz]|2002 ) , could be produced by radioactive elements 
that are synthesized during the rapid decompression of very dense and neu- 
tron rich material ejected during a NS-NS or a NS-BH merger (see, e.g., 
Rosswog et ar||1999D . The emission is expected to peak around the optical- 
UV range within a day or so with a semi-thermal spectrum ( Li & Paczyhski 



1998). Since modern models suggest a peak about 1000 times brighter than 



a nova, the term "kilonova" seems apt (Metzger et al. 2010). 



For GRB 050509B, Hjorth et al. ( 2005a) used the model of Li & Paczyhski 



(1998) and the upper limits shown in Fig. 9.2 to constrain the fraction / 

0.225) 

„, the 

5 



of the rest energy that goes into radioactive decay (assuming z - 
(see also Kocevski et al. 2010). For a kinetic energy of order 10^^ erg, 

The most efficient 



approximate upper limit was found to be / = 10' 
conversion of nuclear energy to the observable luminosity is provided by 
the elements with a decay timescale comparable to the time it takes the 
expanding ejecta to become optically thin. In reality, there is likely to be 
a large number of nuclides with a very broad range of decay timescales. 



Taking both into account, the Hjorth et al. (2005a) limit constrains the 



abundances and the lifetimes of the radioactive nuclides that form in the 
rapid decompression of nuclear-density matter - they should be either very 
short or very long so that radioactivity is inefficient in generating a large 
luminosity. In other words, unless the intrinsic energy in the outflow from 
GRB 050509B were < 10^^ erg, most of this energy was in sub-relativistic 
ejecta with a very small radioactive component during the optically thick 
expansion phase. 
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9.4-2 Long- duration GRBs 

The absence of a SN signature in their hght curves has been proposed as 
a defining characteristic of short GRBs. However, the discovery of an- 
other class of SN-less GRBs, namely long-duration GRBs like GRBs 060505 



(Fynbo et al. 


2006 


), 060614 ( 


Fynbo et al. 


2006 


Delia Valle et al. 2006a 



Gal- Yam et al. 2006), and possibly 051109B (Perley et al. 2006) (and, in 



retrospect, XRF 040701; Soderberg et al. 2005, see below) with no SNe ob- 



served to deep limits, poses a challenge to an otherwise clean classification 
scheme. While there is a possibility of a chance coincidence of a GRB with 



a foreground galaxy (Cobb et al. 2006, Campisi & Li 2008), thereby giving 



the false impression of deep non-detections of SN light, the probability that 
all such associations are spurious becomes vanishingly small. One proposed 
resolution was to posit the > 100 s long GRB 060614 as belonging to a 
"short" GRB population (|Zhang et al.| 2007|). While we do not favor such a 
classification (Bloom et al. 2008), it highlights the importance of this new 



class of objects for our understanding of the GRB-SN connection. 

GRB 060505 {z = 0.089) was a GRB with a duration of 4-5 s (depending 
on bandpass) and a non-zero spectral lag (namely, the delay of arrival of low 
energy photons with respect to higher energy photons) of 0.36 s, inconsistent 



with the lags of short GRBs (McBreen et al. 2008). It occurred in a star- 



forming region of a galaxy and exhibited all the characteristics of a normal 
long-duration GRB ( |Fynbo et all2006[ [Thone et al.]|2008[ |Xu et al.|[2009l l|t 



Still, no SN was detected down to a limit 100 times fainter than SN 1998bw 



(Fynbo et al. 2006, Fig. 9.2). 



This opens up the possibility that some long GRBs either do not produce 
SNe at all, or produce very faint SNe, or that no radioactive material is 
formed or ejected. It is possible that these constitute fall-back SNe that 
produce a black hole without forming an accretion disk in which the Ni can 
form ( Woosley|1993 Fryer et al.|2006 Moriya et al.|2010 ) or that the energy 



deposition is too low when the jet penetrates the star (Nomoto et al. 2006 
Tominaga et al.||2007 ). Such events may finally represent the incarnation of 
the original "failed lb" SN model (|Woosley|| 19931). 



The true fraction of such SN-less GRBs is unknown. It is noteworthy that 



several XRFs have been reported as showing no SNe ( Soderberg et al.||2005 
Levan et al.|2005b ) . Unfortunately, most of these have no measured redshift 
and were not sampled at the expected peak of the SNe, so the limits are 

t GRB 060505 has been suggested to be a member o f the short GRB class, belonging to the long 
tail of the duration distribution (Ofek et al. 2007||. This is supported by the fact that it is an 
outlier of the so-called Amati relation ( jAmati et ai.|2007[ l just like short GRBs. Note however 
that GRB 980425 is also a significant outlier, as is GHB 031203 if the Integral peak energy is 
adopted, c.f. Table |9^ 
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strongly model dependent 
which occurred in a galaxy at z 



The most promising candidate is XRF 040701, 

HST ob- 



0.21 (Soderberg et al. 2005). 



servations around the time of the expected SN peak revealed no bump to 



6 magnitudes fainter than the peak brightness of 1998bw. Soderberg et al. 



(2005) adopted the Predehl k, Schmitt (1995) relation to infer an extinction 
of Ay < 2.8 mag from the constraints on the equivalent column density 
of neutral hydrogen Nh < 5 x 10^^ cm~^ as measured from the soft X-ray 
emission in the Chandra spectrum. However, a study of 28 Swift bursts with 
joint observations of Ay and Nh ( Schady et al.|20l"0 ) suggests an equivalent 
constraint of Ay < 1 mag, indicating that the limit on the absence of an SN 
related to XRF 040701 is indeed very strong, similar to those of GRB 060505 
and GRB 060614. In this connection we note that the soft X-ray emission 
following some short GRBs could mimic an XRF if the initial short spike is 
too hard to be detected by Swift/B AT ([Hjorth et aL]|2005b[). 



9.5 Other properties of GRB SNe 

Below we briefly address other important aspects of the GRB-SN connection. 
The basic properties of the GRBs, their SNe, and their host galaxies are 
summarized in Table [9^ 



9.5.1 Host galaxies 



The host galaxies of GRB-SNe generally share the properties found for GRB 
hosts (see Chapter 13), namely they are sub-luminous, blue, young, and 



star- forming. In particular, the host galaxy of GRB 980425 (Fig. 9.1) has 
been the subject of fairly intense scrutiny because of its proximity (FynboJ 
erari[2000l [Foley et al. | [2006l [Hammer et"ari[2006l [Christensen~eral.„2008t 



Michalowski et al. 



2009|). It has been suggested that the host galaxies of 

dG 
Fig 



GRB s ([Fynbo et al.|2003l[Stanek et al.|2006[[EYuchter et al.|2006l ) and GRB 

SNe (Modjaz et al. 2008a) occur in low-met allicity environments 



shows the location of GRB-SN hosts in a line-ratio diagram (Christensen 



9.5 



et al. 2008). As noted by Modjaz et al. (2008a), GRB-SNe occur in envi 



ronments that are of systematically lower metallicity than broad-lined SN 
Ic with no known association to GRBs. The host galaxies of spectroscopic 
GRB-SNe discovered so far clearly have sub-Solar, but not very low, metal- 
licities ( Levesquel|2011 ). 
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Fig. 9.5. Host galaxies of GRB-SNe h ave sub-Solar metallicities. The diagram 



(adapted from Christensen et al. 



120081) shows the emission-line ratios [O iii]/H/3 
vs. [N i i]/H a for GRB-SN sites (full symbols) and SN-less GRBs (open symbols, 
cf. Fig. [9T2|. The line ratios for GRB 100316D are for knot A in the host galaxy 



( [Starling et al.| 2011). Evolutionary models linking emission- line ratio s at ages 
from 0.1 to 5 Myr for 0.05, 0.2, 0.4 and Solar metahicities (Z© = 0.016, lAsplund 



et al.||2005[ ) are plotted as solid lines. The dotted curve denotes the separation of 
pure star-forming galaxies from AGN-dominated emission-line ratios. The greyscale 
area represents SDSS galaxies and the small grey dots represent SDSS galaxies with 
metallicities between 0.03 and 0.7 Solar. Two hosts with upper limits for [N ii] are 
represented by triangles. 
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9.5.2 Timing 



Iwamoto et al. (1998) found from modelling the light curve and spectra of 



SN 1998bw that the time of core collapse could be set to coincide with the 
detection of GRB 980425 to within +0.7/— 2 days; a similar conclusion was 
reached by Kulkarni et al. (1998). Hjorth et al. (2003) attempted to date 
SN2003dh spectroscopically, under the assumption of its parallel spectral 
evolution with SN1998bw and concluded that SN2003dh began ±2 days 
relative to GRB 030329 (to this should be added the above uncertainty of 
+0.7/— 2 days of the SN1998bw dating). Finally, the near-simultaneous 
detection of GRB 060218 and what was interpreted as the shock breakout 
of SN2006aj firmly linked the times of explosions of this GRB and its as- 
sociated SN (Campana et al. 2006). Supranova models have simply not 
withstood the test of observations with new events. 



9.5.3 Asymmetry and asphericity 



Asphericity may be a common feature of core-collapse SNe (e.g., Leonard 



et al. 2006, Maeda et al. 2008) and hence GRB-SNe. There is some ob- 



servational evidence that GRB-SNe may be aspherical from the shapes and 
relative expansion velocities of emission lines, including highly peaked oxy- 
gen lines in nebular spectra (e.g., Mazzali et al. 2001, Maeda et al. 2006 



Mazzali et al. 2007a|b ). Similarly, imaging polarimetry and spectropolarime- 



try point to aspherical emission (e.g., Greiner et al. 2003a, Gorosabel et al. 



2006, Maund et al. 2007), but the exact interpretation of these results and 



their implications for the shape and internal composition of GRB-SNe is still 
under debate (e.g., 
20081). 



Modjaz et al. 


2008b 


Maund et al. 


2007, 


Maeda et al. 



9.5.4 Circumburst environment 

A massive-star progenitor should expel mass pre-explosion and a signature 
of a "wind-stratified" medium should, in principle, be manifest in the ob- 
servations of the afterglow. Despite this nominal expectation, few GRB 
afterglows are significantly better fit by a medium consistent with a con- 
stant mass loss (circumburst mass density p oc r~^, with r as the distance to 
the center of the explosion; [Chevalier Sz Li|1999 Panaitescu &: Kumar|2002 ) 
than a constant-density medium. There are some reasonably strong cases 
for a p oc r~-^ circumburst medium (Price et al. 2002) but, in general, the na- 
ture of the density profile proxied by the afterglow is both model-dependent 
and highly coupled to measurements of other afterglow-specific parameters 
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(e.g., Yost et al. 2003, Starling et al. 2008). Given the preponderance of 
direct evidence linking GRBs and massive star deaths, we feel that the lack 
of a tell-tale wind signature must imply an incomplete understanding of af- 
terglow emission mechanisms and/or the details of the progenitor evolution 
rather than serve as disconfirming evidence for the connection. Indeed, this 
lack has been accommodated in models as due to the homogenizing influence 



of the wind reverse shock of the density surrounding the star (Wijers 2001 



Ramirez-Ruiz et al. "20051) and varying mass-loss histories of the progenitor 



dvan Marie et al.„2006) . 

GRB 021004 showed absorption systems at high-velocities relative to the 



host galaxy in the afterglow, suggestive of a Wolf-Rayet wind (Mirabal et al. 



2003, Schaefer et al. 2003, Castro-Tirado et al. 2010); note, however, that 



it has been argued by Chen et al. (2007) that the absorption systems are 
unlikely to have arisen from within the circumburst environment. In general, 
the absence of high- velocity signatures in absorption spectra of several other 
events have been explained as due to the photo-destructive power of the 
early afterglow (Prochaska et al. 2006 Chen et al. 2007). Interestingly, 



an initial study of high-ionization species (of, e.g., nitrogen), expected to 
survive the early afterglow, appear to favor low-velocity circumburst outflow 
pre-explosion (Prochaska et al. 2008). 

Finally, in a study of the high signal-to-noise Swift X-ray spectrum of 
GRB 060218, Campana et al. (2008) inferred CNO abundances much larger 
than the Solar value, presumably due to enriched circumburst material. 
Interpreting the relative abundance ratios of CNO in the context of the 
models of Yoon et al. (2006) indicates that the required mixing limits massive 
progenitor star models to have sub-Solar metallicity and rapid rotation. 



9.6 Outlook after a decade of the GRB-SN connection 

It now appears unassailably established that many (if not most) long-duration 
GRBs are connected with the death of massive stars: the same event that 
produces a GRB also produces a substantial mass in ^^Ni and a large cou- 
pling of kinetic energy (> 10^^ erg) to non-relativistic ejecta. The pre- 
explosion jettisoning of hydrogen and helium appears to be an observational 
requirement of the progenitor (see Chapter 10 for a theoretical review). Still, 
we do not understand what sets a stripped-envelope GRB/SN progenitor 
apart from other SN progenitors which do not produce GRBs. 

Prom demographic studies of the relative rates of GRBs and SNe (e.g.. 
Bloom et al.'TMS', 'Berger e t ai:]|2003at [Podsiadlowski et al.|[2004l [Soderberg 



|et al.,,2004^ ,Soderberg^^2006 ) it is clear that only a tiny fraction (~1%) of 
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Table 9.2. Properties of the Associated GRBs and SNe. 



GRB 


980405 030329 


031203 


060218 


100316D 


SN designation 


1998bw 2003dli 


20031w 


2006aj 


2010bh 


z 


0.0085 0.1685 


0.1055 


0.0334 


0.0591 


High-Energy and Afterglow Properties 


Tgo (s) 


34.9 ±3.8 22.9 


37.0 ± 1.3 


2100 ± 100 


1300 


Sx/ 


0.58 0.56 


0.49(4±2) 


3.5 


1.56 


i^peak (keV) 


122 ± 17 70 ±2 


> 71(< 20) 


4.7 ± 1.2 


18^3 


-B^.iso (10^1 erg) 


9x10"'' 13 


0.17 


0.04 


0.06 


(10^1 erg) 


< 9 X 10-" 0.07-0.46 


< 0.17 


< 0.04 


0.0037-0.06 


Supernova Properties 



Mboi.pcak (mag) 


-18.6 


-18.7 


-18.9 


-18.2 


-17.5 


Wcxp at 10 d (10^ km s"^) 


24 


29 


21 


19 




M(56Ni) (Mq) 


0.38-0.48 


0.25-0.45 


0.45-0.65 


0.20-0.25 


- 0.10 


Mejocta (Mq) 


10±1 


8±2 


13±2 


2±0.5 


~ 3 


MzAMS (Mq) 


35-45 


25-40 


40-50 


20-25 




EsN (10^1 erg) 


50±5 


40±10 


60±10 


2±0.5 


- 10 



Host Galaxy Properties 



Mb. host (mag) 


-17.7 


-16.5 


-21.0 


-15.9 


-18.8 


Ha SFR (M0 yr"!) 


0.23 


0.6 


12.3 


0.065 


> 0.17 


M, (10^ Mq) 


1.1 


1.5 


-1 


0.05 




SSFR (Gyr-i) 


0.21 


0.4 


1 


1.3 




Metallicity 


8.25-8.39 


7.8 


8.12 


8.0 


8.23 



High-energy and afterglow propert ies: taken from Kaneko et al.l (12007 ) and 



(2004 2006f; Starling et al. 



re ferenc es th erein, supplemented by Watson et al ^ 
(20111, and Woosley & Bloom (200S) and references therem. I' he values in 
paren theses for Sx/S^ and i/'peak given for 031203 are inferred by Watson et al. 
( 2004|) u sing the X-ray dust echo. Supernova properties: taken from Mazzali et a. 
(2 007d[) and references th e rein. Host galaxy prope rties: absolute magnit udes from 



SoUerman et al.l (|2005l), iWiersema et al. (|2007|, andlSollerman et all ([2006), 

T-TT- I' ' ' ' ) , II idn^rA ' 1 M T" -"Ti- H r 



stellar masses fro m Castro Ceron et aT "pOlOP, a n d star- formation rates f rom 
Christensen et al.| P008P, [Gorosabel et al.| (|2005b| , [Prochaska et al.| (|2004|), and 



M 



Margutti et al.| ( 2007 ) . Metallicities here are 12 -I- log(U /H), as compil e d in 



arg utti et al 
ufano et a. 



|2007| 



Values for GRB 100316D are from Starling et al. (2011) 



11 1; the metallicity in this case refers to knot "A" close to 
Key: ''T^^Duration of 90% of the event in 7 rays. ''Sx /S^" : Ratio 



aii3" 

the SN site 

of fluence in 2-30 keV band to fluence in 30-400 keV band. A ratio larger than 1 
indicates an XRF. "-Epoak": Photon energy where lyf^ peaks. "E^ iso"- Isotropic 

equivalent energy output in 7 rays (i.e., not corrected for beaming). "£'-,": 
Energy output in 7 rays (i.e., corrected for beaming). An upper limit indicates 

that no beaming was measured, "wcxp" '■ Photospheric expansion velocity. 
"M(56Ni)": Mass of 56Ni synthesized. "Mejecta": Mass of the ejecta. "Mzams": 
Mass of the progenitor star (on the zero-age main sequence). "Ssn": Energy 
associated with the outflow of the SN. "SFR": Star-formation rate. "M*": Stellar 
mass. "SSFR": Specific star formation rate (SFR/M*). 
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core-collapse events that produce Ibc SNe also produce a detectable GRB. 
Even Ic-BL SNe, which themselves comprise a small fraction of the core- 
collapse SN rate (Guetta &: Delia Valle 2007), are seldom associated with 
a GRB. Since GRB jets are thought to be highly collimated (and relavisti- 
cally Doppler beamed), whereas SNe are roughly isotropic, the difference in 



rates might simply be due to geometry and viewing-angle effects. Soderberg 



et al. (2006b) found no evidence for highly energetic and off-axis compo- 



nents in radio observations of Ic-BL SNe, statistically disfavoring the notion 
that all Ic-BL SNe also harbor GRB-like ("central engine driven") features. 
The recent inferences of mildly relativistic ejecta in the Type Ic SN2009bb 
dSoderberg et al.||2010[ ) may suggest a central-engine driven origin. At min- 
imum, it seems such objects support the notion of a continuum of energy 
and mass coupled to relativistic speeds across SNe. 

History is some guide here: though the GRB associated with SN 1998bw 
appeared to belong to a distinct subclass in terms of energetics, more recent 
events point to a continuum of energy coupled to the relativistic ejecta. Like- 
wise, though it now appears that GRB 060614 and GRB 060505 represent a 
distinct subclass in terms of ^^Ni production (Mv.peak > — 13 mag), transi- 
tion GRB-SNe with faint SNe (Mv,peak ~ -16 mag, c.f. Fig. [93]) may be 
found, pointing to a continuum of explosive nucleosynthesis. Indeed, there 
is evidence for very faint (My^peak ~ —14) extragalactic events residing on 
the tail end of the ^^Ni production distribution in core-collapsed Type II 
SNe (Pastorello et al. 2007, Fig. 1), although the existence of ultra- faint 
Type Ibc SNe is currently debated ( |Valenti et aL]|2009[ [Foley et al.]|2009 



Moriya et al.|[20T0 ). This supports the physical intuition that massive stars 
which explode can produce a wide range of ^^Ni mass with a broad range of 
explosion energies (c.f., |MazzaH et al.|[2007a| ). 

The distribution of available energy into various channels (neutrinos, grav- 
itational waves, 7 rays, particles, kinetic motion of the relativistic outflow, 
kinetic motion of the non-relativistic SN outflow) is far from understood. 
There is reasonable evidence, from the metrics proxying the bulk kinetic 
energy of the afterglow (Ex) and the measures of energy promptly released 
in 7 rays (£^7), to suggest an overall envelope in the energy budget of the 
explosions ( Berger et al.||200 3b). More recent work including very luminous 
Fermi GRBs ( Cenko et al.|2010| ), however, suggests that and Ek are cor- 
related and so the total budget may not be similar among all long-duration 
events. 

In all cases where the energy associated with the non-relativistic outflow 
of the SN (-Esn) has been modelled, it appears to be larger than E^ and 
Ek- To gain some insight into the energy partitioning, it is tempting to 



The GRB-Supernova Connection 



21 



try to connect the amount of SN energy (and the other basic parameters 
-dejecta and ^^Ni mass) with the other measured energies associated with 
the GRB and afterglow. The danger is that observational biases that could 
induce apparent correlations are severe. For example, lower events are 
more readily detected at low redshift, improving the SN detection possibility. 
Likewise, lower Ek manifests itself as fainter afterglow, also improving SN 
detection odds. Indeed, a careful statistical study of the relationship between 
GRB-SN peak brightnesses and GRB energetics found no strong correlation 
(Koen 2009). Still, this accounting for the global energy budget should 



continue to be pursued, especially in the next decade as gravitational-wave 
and neutrino detectors begin to yield insight into the energy budgets of 
generic core-collapsed SNe in the local Universe. 

The current spectroscopic evidence for GRB-SNe is not of high enough 
quality and the number of sample members is insufficient to address the 
issue of whether there are systematic differences between low-redshift (low 



E^) SNe and higher-redshift (high E^) SNe (Soderberg et al. 



2005 



Sollerman 



et al. 2000). Clearly, the group of 5 low-redshift GRBs {z < 0.1685) with 



spectroscopically secure SN identifications appear subenergetic in terms of 
beaming-corrected E^ than the majority of the higher redshift events. Es- 
tablishing the GRB-SN connection for higher-redshift, more energetic GRBs 
will bean observational challenge, requiring 30-40-m class telescopes. Other 
aspects of such an endeavor will be to determine the fraction of SN-less 
GRBs and their relation to the GRB properties and progenitors, as well as 
possibly finding the intermediate ^^Ni production GRB-SN (which we might 
call "gap" GRB-SNe) discussed above (if indeed they exist). If some uniden- 



tified TeV sources in the Galaxy are associated with GRB remnants ( loka Sz 



Meszarosl|2010 ), then detailed chemical studies of the explosion byproducts 
may provide new insight into the progenitors (akin to late time studies of 



SN remnants; Badenes et al. 2009) 



A hint that surprises may be in store are the very significant light curve 
bumps in some GRB afterglows that do not fit our current understanding 
of the GRB-SN connection: 



GRB 020305 showed a clear bump, both in the light curve and in the 
spectral shape (Gorosabel et al. 2005a). Each of these were found to be 



consistent with (different) SN templates, but no single SN template could 
fit both features simultaneously. 

XRF 030723 had a very significant and well-sampled bump showing a 



clear reddening at the peak of the bump (Fynbo et al. 2004) and was 



well fitted by a SN model (Tominaga et al. 



2004). However, a reported 
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possible simultaneous X-ray increase (Butler et al. 2005) shed doubts on 
the SN origin of the light curve bump. 

What are these bumps? Are they indications of SNe with different proper- 
ties from those discussed so far or do they point to mechanisms for producing 



SN-like bumps but of an entirely different origin (e.g., dust echoes, Esin Sz 



Blandford 2000)? We note that in all cases, more limited observational in- 
formation (e.g., only one band, no X rays) ironically could have led to a 
higher confidence grade in Table 9.1. And it highlights the importance of 
spectroscopic confirmation of SNe, as emphasized in this chapter. 

As unconventional SNe may be related to normal GRBs, unconventional 
high-energy events may be related to normal SNe. The discovery of the Type 



lb SN 2008D related to an X-ray transient (i.e., not a GRB) ( 


Soderberg et al. 


2008b 


Mazzah et al.|2008 


Malesaniet al.|2009 


Modjaz et al.|2009 


) suggests 



that SNe may reflect a range of high-energy properties, not only GRBs. It 
opens up the possibility that all SNe may be related to detectable high- 
energy events and that GRBs may be only one possible manifestation of 



these, perhaps as part of a range of high-energy properties (Xu et al. 2008 
Lil [2008l ). 



The discovery of SN-less GRBs suggests that massive stars may die with- 
out sending high-energy electromagnetic signatures of their deaths, e.g., off- 
axis events, and with no bright SN event. The fraction of such events is 



unknown. Even in the most optimistic cases (Fryer et al. 2002, Ott et al. 



2006), gravitational- wave and neutrino signatures would only be detectable 
for the very nearest (and, hence, uncommon) events. However, there may be 
a case for mapping and subsequently revisiting/monitoring all the massive 
stars in the nearby Universe with HST, JWST, or Euclid. This would give 



an independent handle on the fraction of disappearing stars (Kochanek et al. 



2008), at least in the types of galaxies surveyed. In a complementary ap- 
proach, the search for kilonovae or similar new types of radioactive-powered 
events would be important to map all the possible cosmic explosions, in- 
cluding those resulting from (short) GRBs. 

The connection between some GRBs and massive stellar deaths holds 
great importance in the utility of GRBs as probes of the distant Universe. 
First, massive stars trace the location of stellar nurseries at high redshift. 
Though the first few seconds of afterglow light are generally thought capable 
of destroying most spectroscopic signatures of the circumburst and molecu- 
lar cloud environments, spectroscopy of afterglow in some rare cases should 



inform the nature of these close-in environments (Prochaska et al. 2008 



2009). Second, the connection, especially emerging in low-metallicity hosts. 
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implies that GRBs are tracers of instantaneous star formation (e.g., Butler 



et al. 2010). Not only can high-resolution spectroscopy directly constrain 



individual star- formation histories of hosts ( Calura et al.|2009 ), the compar- 
ative demographics of detections at various wavebands (particularly, 7 rays, 
X rays and optical/IR) should supply direct constraints on the fraction of 
obscured star formation in the Universe (e.g., Djorgovski et al. 2003). This 



is one of the great hopes for the importance of the so-called "dark bursts" 
(Perley et al. 2009; see Chapter 6). Last, and perhaps most compelling, is 
that since GRBs appear to arise from low-metallicity, high-mass stars, they 
should exist beyond the redshifts of furthest known objects today; indeed 
this notion stands on rather firm observational ground now with the iden- 
tification of several events above redshift z = GRBs, then, are likely the 
most recognizable events in the very early Universe, detectable by the next- 
generation of satellites and signposts (for JWST and the next generation 30- 
m telescopes) to the first galaxies. Even moderate-resolution spectroscopy 
of GRB afterglows beyond z = 7 (e.g. with GRB 090423 at z = 8.2; |Tanvir 



et al.||2009D would be unique in situ tracers of the cosmo-chemical evolution 



of the infant Universe (e.g., McQuinn et al. 2009). 
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